Water and nutrient savings can be established by coupling water streams between interacting processes. Wastewater from production processes contains nutrients like nitrogen (N), which can and should be recycled in order to meet future regulatory discharge demands. Optimisation of interacting water systems is a complex task. An effective way of understanding, analysing and optimising such systems is by applying mathematical models. The present modelling work aims at supporting the design of a nearly emission-free aquaculture and hydroponic system (aquaponics), thus contributing to sustainable production and to food security for the 21st century. Based on the model, a system that couples 40 m 3 fish tanks and a hydroponic system of 1,000 m 2 can produce 5
INTRODUCTION
Maximising reuse of water and nutrients will be needed to meet future regulatory discharge demands and minimise spillage. Moreover, water and nutrient recycling contributes to food security in the 21st century. In an aquaponic system, two food production systems are coupled: aquaculture (aquatic animal farming) and hydroponics (soilless plant farming) (Love et al. ) . The nutrients excreted by the fish are used by the plants which, in turn clean the water that is recycled to the fish. In fact, this is a small scale example of a (closed) natural ecosystem with water and nutrient exchange.
Intensive fish production for commercial purposes can be accomplished in recirculating aquaculture systems (RAS), growing large amounts of fish with low water and space requirements. A RAS always includes a water treatment facility to remove the waste products from the recirculated water. As a result of this purification step, some nutrients accumulate to concentrations that can be used by plants. In particular, ammonium (NH 4 þ ) from the fish tanks (FTs) is converted to nitrate (NO 3 À ) in a nitrification process. Nitrate has high value as fertiliser for plants, which can be grown without soil using the nutrient film technique (NFT) in a recirculating hydroponic system (RHS) (Rakocy et al. ; Bernstein ) . Our case, known as the INAPRO system (Staaks ), combines breeding tilapia and growing tomatoes in separated systems (farms) with two water crossovers, i.e. the waste from the fish is used to fertilise the plants but is not directly circulated back to the fish. Instead, the water evaporated in the horticulture system is condensed and recovered without nutrients for the RAS system. Thus, two independent recirculating systems are coupled, which allows for their individual optimisation.
INAPRO combines the construction and operation of demonstration systems with the support of a model-based approach. The model presented herein describes water, energy and nitrogen balances. It aims at aiding in the sizing of system components and in the selection of operational strategies based on the dynamic behaviour of the system. For this study, the following aspects are evaluated:
(1) NFT greenhouse area for tomato production and (2) RAS-RHS flow rate coupling strategy.
METHODS
The model consists of a set of discretised ordinary differential equations assuming zero and first-order dynamics of the production terms in the balances. The differential equations are solved numerically with a time-step of 1 hour using the Euler Forward and fourth-order Runge-Kutta methods (Beers ) . The model is developed in Microsoft Excel ® , which facilitates updating the inputs and the direct visualisation of simulation results.
System description
The INAPRO aquaponic system is modelled based on the components and configuration shown in Figure 1. (1) Tilapia is grown in six FTs from the fingerling stage. (2) Solids are first removed in a mechanical drum filter. (3) The solids in the concentrated backwash water undergo a secondary separation in a settling tank (ST). (4) The filtrate from the drum filter is pumped to a biological filter for nitrification (conversion of NH 4 þ to NO 3 À ). (5) After disinfection and aeration, water is returned to the FTs. (6) A storage tank in a greenhouse for the hydroponic system receives the effluent of the ST and additional fertiliser when required. (7) Plants are grown in a NFT system in the greenhouse. The water transpired by the plants in the greenhouse is recovered by condensation and sent back to the RAS (8).
The process units modelled are: FTs, mechanical filter (MF), ST, pump sump (PS), biofilter (BF), plant storage tank (PST) and the NFT channels. All units are modelled as perfectly mixed vessels. The pH levels are assumed controlled at 7.0 and 6.0 in the RAS and RHS, respectively. All units are modelled with a time-step of 1 hr. Plant and fish growth (FG and PG) are modelled with a time-step of 1 day.
This study aims at assisting in the design and coupling of the RAS and the RHS. Therefore, modelling detailed dynamics occurring within each unit is beyond its scope. Nonetheless, some phenomena that have been reported relevant in literature are included but simplified to zero and first-order dynamics. The parameters listed in Table 1 are the result of these simplifications.
Sub-models: assumptions and parameters
For the construction of the model, the following sub-models are developed: (1) volumes and water flow rates, (2) nitrogen conversion processes, (3) fish growth and staggered production, (4) plant growth and nitrogen uptake, (5) plant 
The water flow rates entering and leaving each unit are assigned based on Figure 1 and the φ v,evaporation is assumed according to 1.
The drum filter is assumed to operate at 70% efficiency of solids removal (Timmons & Ebbeling ) , which leave the filter as backwash flow to the secondary clarifier. The ST is modelled based on results obtained by Bergheim et al. () , represented as a two-layer vessel with each layer perfectly mixed; a settling efficiency of 60% is assumed, with 5% re-suspension from the bottom layer due to turbulence.
(2) Nitrogen conversion processes. N conversion is only significant in the FTs, MF, secondary clarifier, biological filter and NFT storage tank. N is present as nitrate (NO 3 À ), total ammonia nitrogen (TAN) constituted by ammonia (NH 3 ) and ammonium NH 4 þ , organic N in suspended solids and organic N in settled solids. It is assumed that both the MF and the biological filter show a quasi-steady state behaviour, thus without N accumulation. The effect of particle size in filtration is neglected.
In the FTs, N is supplied in the form of feed protein with 25% N (mass). 5% of the feed is assumed to be uneaten. The fish are assumed to accumulate N with 32% efficiency, excrete 40% as NH 3 and 28% in faeces (Rafiee & Saad ) . The NFT channels are considered to be in quasisteady state with respect to the nutrients.
The general balances for the nitrogen forms in each of the units in the system can be summarised as:
Volatilisation of NH 3 and ammonification are assumed to take place in all tanks except the pump sump. In the ST, ammonification occurs in both layers (the settled and suspended solids). Nitrification is assumed to take place only in the drum filter and in the BF after the previous two processes. The mass of gas ammonia follows from the equilibrium constant at the given pH. The rate parameters k for these processes are listed in Table 1 . (3) Fish growth and staggered production. The fish growth in each FT is described by the general mass balance:
The feeding rate (φ feed ) and the feed conversion ratio is obtained from experimental data in the ASTAF-PRO system (IGB ) and they are fitted to polynomial curves based on the day of the current production cycle d cycle : 
Each batch of fish starts in the fingerling tank. At the beginning of month 3 it is divided in two raising tanks. At the beginning of month 8 the fish are moved to a starvation tank where the growth is completed at the end of month 8. The length of each complete cycle is fixed at 241 days. Fish stocking density is limited to a maximum of 84 kg/m 3 ; with a start and end weight of 10 g and 650 g, respectively.
The model assumes a controlled temperature in the FTs of 28 W C, a fish mortality rate equal to 10% per growth cycle and a harvest loss of 5%. (4) Plant growth. The model is based on light use efficiency (LUE) adapted from TOMSIM (Heuvelink , ). Nutrients and water are assumed readily available for the plants; plant growth is only determined by irradiation:
where Q 0 0 PAR,in is the incoming photosynthetically active radiation and k plant is the light extinction assumed constant and is provided in Table 1 . LAI is the leaf area index and to obtain its value the plant dry matter is partitioned and assumed constant during the generative (leaf production) and vegetative (fruit production) phases with a specific leaf area (SLA) assumed at a constant value as listed in Table 1 . The LAI is limited to a value of 3.0 assuming removal of old leaves and it is updated daily (Δt plant ¼ 1 day):
The water uptake accounts for the plant evaporation and the water partition into leaf and fruit; conversion of water into dry mass by photosynthesis is neglected. The nitrogen uptake is modelled to depend only on dry mass production and assuming a constant dry matter content (DMC) as provided in 
(5) Plant evaporation. The simulation is adapted from the evapotranspiration model by Stanghellini (Stanghellini ; Prenger et al. ) . It accounts for LAI, the vapour concentration in the greenhouse, an irradiance dependent leaf stomatal resistance (r s ), the leaf boundary resistance, the temperature and the net intercepted radiation resulting from the greenhouse climate model. A constant leaf boundary resistance of 200 s/m is assumed. It accounts for the effects of the LAI, an irradiance dependent leaf stomatal resistance (r s ), the vapour deficit in the greenhouse (VD air ). The leaf boundary resistance is assumed constant (r b ).
where the ratio of latent to sensible heat for 1 W C change is ϵ ¼ 0:7584 Á e 0:0518ÁT air , the vapour deficit in air is estimated by linear fit from the irradiance that passes the greenhouse screen (Q Both the screens and the greenhouse cover material are assumed to be in a quasi-steady state, thus without energy accumulation. The simplified differential equations from the energy balance are solved analytically. The greenhouse climate model accounts for weather conditions: meteorological wind speed, global radiation, ambient temperature, air pressure, cloud cover and relative humidity; the data are obtained from the Royal Dutch Meteorological Institute (KNMI ). For a detailed description of the energy balances, the reader is referred to Slinkert ().
Optimised design
Two design variables presented in this study: (1) the coupling strategy between RAS and RHS (constant flow rate vs. fish feed dependent flow rate) and (2) the NFT production size (area).
For the coupling strategy, the objective is to minimise the variations in the N content of the water sent from the RAS to the RHS.
For the NFT area sizing, the following objective function is minimised, consisting of RAS water discharge, clean water use, and the percentage of N provided by the fertiliser:
where p 1 , p 2 and p 3 are arbitrary penalty factors aimed at obtaining a weighted function. For this study, the values are 5.0, 1.0 and 10, respectively.
RESULTS AND DISCUSSION
The model results for the climate conditions of the period 2008-2009 are presented. These results show the development of the system from start-up until it reaches an equilibrium stage.
The comparison between the two proposed RAS-RHS coupling strategies is shown in Figure 2 . The variation in the nitrate levels of the water flowing to the RHS are higher for a coupling based on constant flow rate. Therefore, a variable coupling strategy that, such as the proposed fish feed based coupling, is preferred.
The penalty function used for resource minimisation when sizing the NFT production area is shown in Figure 3 . A minimum penalty is found at an NFT area of 1,000 m 2 , which is also an area that matches the rainfall that can be captured to match the clean water usage. Different sizes of a buffer tank used to accumulate water seasonally were simulated, but they have no impact on the water consumption and discharge. Based on the previous results, an NFT area of 1,000 m 2 and a fish feed based coupling were selected for the simulation. The growth pattern of the fish staggered production is shown in Figure 4 . It corresponds to a system with a regular time interval of 2.5 months between cycles, which results in a regular feeding rate and helps prevent large TAN peaks in the FTs. The seesaw pattern resulting from the staggered production explains the variations observed in the nitrate concentration when coupling RAS-RHS at a constant flow rate.
The production of tomato is directly related to the solar radiation intercepted by the plants. Dry mass production reaches a peak in summer but it is very limited in winter during the development of new plants ( Figure 5 ).
The results of the greenhouse temperature obtained from the climate sub-model are shown in Figure 6 . During winter, the difference between the outside temperature and the set-point reaches about 25 W C.
The monthly energy balance in the greenhouse is depicted in Figure 7 . The greenhouse requires secondary energy inputs to operate, i.e. energy sources that have undergone a transformation process, such as heat and electricity. Due to the temperature differences during winter, a significant amount heat is required, about 250 MJ/m 2 yearly.
Additionally, recovering the evaporated water in the greenhouse by condensation for its recirculation in the RAS is estimated to consume 740 MJ/m 2 annually. Lighting, mainly during winter, consumes about 340 MJ/m 2 per year.
The result of the RAS-RHS coupling is shown in Figure 8 . During summer, the RAS system can deliver more than the minimum water requirement of the plants; the clean water that returns to the RAS dilutes the system and cools it down. However, during winter the plants are not developed enough to take the nutrient output of the RAS and about 530 m 3 /yr of water has to be discharged as sewage, in order to prevent nitrate intoxication of tilapia. Additional losses such as evaporation and sludge discharge from the filter add up to a total consumption of about 800 m 3 /yr of clean water to refill the system. The N output from the RAS is much lower than the uptake by the plants and about 130 kg N are required per plant cycle, added as fertiliser, mainly during the summer (about 171 kg N/yr). The RAS output could supply up to 56% of the N requirement per plant cycle if it is not discharged; however, due to the discharge in winter, only 26% is covered. 
